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Optically induced strong intermodal coupling in mechanical resonators at room temperature Strong parametric mode coupling in mechanical resonators is demonstrated at room temperature by using the photothermal effect in thin membrane structures. Thanks to the large stress modulation by laser irradiation, the coupling rate of the mechanical modes, defined as half of the mode splitting, reaches 2.94 kHz, which is an order of magnitude larger than electrically induced mode coupling. This large coupling rate exceeds the damping rates of the mechanical resonators and results in the strong coupling regime, which is a signature of coherent mode interaction. Roomtemperature coherent mode coupling will enable us to manipulate mechanical motion at practical operation temperatures and provides a wide variety of applications of integrated mechanical systems. 6 as well as various kinds of sensors. [7] [8] [9] [10] [11] [12] In these mechanical systems, mechanical oscillations at each resonance frequency play the roles of information carriers instead of electrical signals or optical packets. 13 Therefore, coherent manipulation of mechanical oscillations is highly desired for constructing mechanical systems, especially ones that can operate at room temperature for practical applications. Strong intermodal coupling of the two mechanical modes causes coherent interaction between them, where the coupling rate (g) of the two modes, defined as half of the mode splitting, exceeds the damping rate (c) of both modes. Coupling rate control enables the coherent manipulation 14 and arbitrary transfer 15 of the mechanical oscillations if the maximum coupling rate is much larger than the damping rates of both modes. For instance, it provides fast operation of slowly damped mechanical systems. 16 So far, strong intermodal coupling has been investigated in electromechanical systems, where different mechanical modes can be dielectrically 14 or piezoelectrically 17, 18 interconnected. When pump voltages are applied at the differential frequency of the two modes, mechanical intermodal coupling is parametrically generated. However, the coupling rates in electromechanical approaches are relatively small because of their poor frequency modulation efficiencies; therefore, the damping rates need to be reduced by lowering the temperature 19 in order to achieve the strong coupling regime. For this reason, strong intermodal coupling has been achieved at cryogenic temperatures. A larger parametric coupling rate will overcome this limitation and push coherent mechanical manipulation towards practical applications.
In this letter, we demonstrate strong parametric mode coupling at room temperature using the photothermal effect in thin membrane structures. Irradiation with an amplitudemodulated laser causes periodic thermal expansion, 20, 21 which simultaneously modulates the resonance frequencies of the two modes. Owing to the large frequency modulation produced by the photothermal effect in the thin membrane structure, the optically induced parametric mode interaction is an order of magnitude larger than that with reported electrical approaches. 14, 18 This leads to coherent mechanical mode coupling even at room temperature. Room-temperature coherent mode coupling enables the arbitrary manipulation of mechanical motions at practical operation temperatures, which expands the realizable boundary of integrated nano/ micro mechanical systems. [22] [23] [24] Figure 1(a) shows a schematic image of the two freestanding beam resonators. The length, width, and thickness of each beam resonator are 40 lm, 10 lm, and 220 nm, respectively. The separation between the two beam resonators is 40 lm, and they are connected in the overhanging area formed by etching of the sacrificial layer. The paired resonators consist of a 13-nm-thick GaAs layer between d-doped AlAs/GaAs superlattices (1.3-nm-thick AlAs; 2.6-nm-thick GaAs) on a 50-nm-thick GaAs slab, as illustrated in Fig. 1(b) . There are 13 superlattices on the top and 21 on the bottom. In the GaAs layer sandwiched by d-doped AlAs/ GaAs superlattices, a high-mobility two-dimensional electron gas (HM2DEG) is formed. Owing to the electron accumulations in the X-conduction band states of the superlattices, the HM2DEG layer is protected from depletion, which provides an electric conductive layer even in thin structures. 25 By applying voltage between the HM2DEG layer and top gates, we can electrically drive the paired resonators via piezoelectric stress. Figure 1(c) is a top view of the fabricated resonators taken with a microscope. The mechanical resonances were measured with a Doppler interferometer equipped with a HeNe laser. All measurements were performed at room temperature at 1 Â 10 À2 Pa. Figure 2 shows the resonances of the symmetric mode and anti-symmetric mode of the paired resonators. Here, the HeNe laser was focused on beam A, with AC voltage of 20 mV applied on beam B. The symmetric mode has resonance (x S =2p) around 245 kHz with a damping rate (c S =2p) of 214 Hz, while the anti-symmetric mode has resonance (x A =2p) around 263 kHz with a damping rate (c A =2p) of 220 Hz, which are in good agreement with numerical calculations by the finite element method (FEM). Both modes are simultaneously excited by applying voltage to either beam. Practically, the contribution of beams A and B to each mode differs because of the intrinsic detuning between their resonance frequencies. In this case, the contributions of beams A and B to the symmetric mode are about 66% and 34%, respectively, and vice versa for the anti-symmetric mode, which are estimated by comparing the amplitudes of each mode with the same drive and probe positions.
In order to parametrically couple the symmetric mode and anti-symmetric mode, both resonance frequencies should be modulated at the frequency difference between the two modes. This can be achieved by focusing a modulated Ti:Sapphire laser 750-nm wavelength on the center of beam A, while AC voltage of 20 mV is applied to beam B to weakly drive the two modes. Thanks to the thin structure and room-temperature environment, the thermal conductance of the resonator can be reduced 26 enough to confine generated heat in beam A, which causes a large frequency modulation of the two modes via thermal expansion. The thermal dissipation time in this system is estimated to 28 ls by FEM calculations. This is sufficiently shorter than the modulation period of the laser, which means that the photothermal effect enables the modulation of both modes and their parametrical coupling. The thermal expansion coefficient at room temperature is orders of magnitude larger than that in lowtemperature conditions, 26 which also helps to enhance the optically induced parametric interactions.
Before studying the resonance characteristics under modulated laser irradiation, we investigate the static frequency shifts caused by the continuous-wave (CW) laser irradiation. Figure 3 shows the continuous frequency shifts of the symmetric and anti-symmetric modes when the CW laser is focused on beam A. Both modes are once red shifted at low pump power ($10 lW) and then become blue shifted when higher pump power is applied. At the pump power of 100 lW, the frequency shift of the symmetric mode reaches 3.36 kHz, which is an order of magnitude larger than the shifts due to piezoelectric effects. 27 The red shifts of both modes are due to the global heating caused by the photoabsorption by the surface under the beam, which is confirmed by the monotonic red shifts of both modes when the laser is focused on the surface between the two beams as shown in Figs. 3(c) and 3(d) . We estimate that more than 70% of the laser irradiation passes through beam A and heats the surface under it. On the other hand, the origin of the blue shifts is attributed to the localized photothermal effect of beam A, because the extent of the blue shifts differs in the two modes and a larger frequency shift is observed in the antisymmetric mode when the laser is focused on beam B. However, the mechanism of the blue shifts under the compressive stress induced by the photothermal effect is not fully understood. We assume that the intrinsic stress or deformation of the thin beam structures provides the blue shifts with thermal expansion. This interpretation is experimentally supported by the Duffing nonlinearity, which is a phenomenon in large tensile stress. 28 In this system, Duffing nonlinearity is observed on the red side of the resonance frequencies of both modes, which indicates the compressive stress due to thermal expansion causes blue shifts.
Dynamic modulations of the two modes are simultaneously observed by irradiating the beams with an amplitudemodulated laser. The laser power is modulated sinusoidally from 0 to 200 lW, and the modulation frequency (x P =2p) ranges from 2 to 27 kHz. As shown in Fig. 4(a) , the sidebands of the two modes continuously spread apart as the modulation frequency increases. Around the modulation frequency of 15.3 kHz, where the sideband of the symmetric mode passes through the original anti-symmetric mode (x S þ x P % x A ), the mode splitting, called avoided crossing, is clearly observed. This avoided crossing represents the strong intermodal coupling between two modes. Figures 4(b) and 4(c) show magnifications of Fig. 4(a) around the avoided crossing in the symmetric and anti-symmetric modes. We obtained similar mode splittings in the two modes. The maximum splittings in each mode (Dx S , Dx A ) are extracted as 5.87 and 5.14 kHz, which correspond to the coupling rates (g S ; g A ) of 2.94 and 2.57 kHz, respectively. The ratios of g S;A to c 0 S;A reach 1.37 and 1.62, where c 0 S;A indicates effective damping rates of 2.14 and 1.59 kHz under the laser irradiation. Thanks to the large coupling rate due to the photothermal effect, a strong coupling of the two mechanical modes is demonstrated even at room temperature. Stronger coupling will be realized by optimizing the distance between the two beams and the length of the overhanging area. The coupling rate is controlled by changing the modulation depth with a fixed pump frequency of 15.3 kHz as shown in Figs. 4(d) and 4(e). Here, peak-to-peak pump power is varied from 0 to 200 lW, with the average power fixed at 100 lW. Unintended frequency shifts are due to changes in the heating efficiency at various modulation depths, which is reproduced at a different modulation frequency of 12 kHz.
In conclusion, we have demonstrated a strong coupling of two mechanical modes at room temperature using the photothermal effect. Thanks to the large modulation efficiency of the amplitude-modulated laser, avoided crossings in the symmetric mode and anti-symmetric mode are clearly observed. The strong coupling of mechanical modes enables us to coherently manipulate mechanical oscillations between different modes even at room temperature. Moreover, the optically induced parametric mode coupling does not require any electrical gates or coils, which eliminates electrical crosstalk and reduces device footprints. We believe this is a very good way to control the mechanical resonators in highly integrated nano/micro-scale systems and that it opens the way to practical applications of mechanical systems, such as mechanical logic circuits, transducers, and simulators. This work was supported by the DFG-JST Strategic Japanese-German Cooperative Program on "Nanoelectronics" (Nos. FR 930/16-1 and AOBJ 548229), and JSPS KAKENHI Grant No. 23241046, Japan.
